Background: Improvement in the retention rate of transplanted fat is currently a topic of interest. The retention of transplanted fat relies heavily on the reestablishment of blood supply and the function of the adipose-derived stem cells (ADSCs), which may both be impeded by mechanical force. However, the effect of mechanical force on the retention of adipose implants remains unclear. Objectives: This study aimed to evaluate the effectiveness of immobilization on fat retention rate. Methods: Immobilization was carried out by denervation of the hind limb of rats to reduce the mechanical force. Sprague-Dawley (SD) rats were used, and the two hind limbs were assigned at random to the immobilization side and the control side. On average, 0.4 mL of fat was injected into the bilateral muscle and subcutaneous space of the hind limb, and 6 rats were sacrificed at each time point. The outcome measures included the retention rate, the histologic evaluation, and the density of new vessels and proliferative ADSCs. Results: For the muscle fat, the retention rate improved, and more proliferative ADSCs and new vessels were found in the immobilization group. The histologic evaluation between the two sides was of no statistical significance. For the fat in the subcutaneous space, no statistical difference was observed in all the outcome measures between the two sides. Conclusions: Regional immobilization of the recipient site by denervation can improve the retention of the fat graft in muscles owing to improved density of the new vessels and proliferative ADSCs.
In recent years, fat transplantation has become increasingly popular in the research field of plastic surgery. Coleman came up with his method of fat translation, which is followed by many plastic surgeons and has resulted in this field regaining attention. 1 Compared to artificial synthetic materials, autogenous fat has several advantages: the absence of immunological rejection, lower cost, a more comfortable feeling, etc. Fat transplantation is widely used in several conditions including facial rejuvenation, craniofacial deformity, cosmetic and reconstructive breast surgery, etc. 2 However, the variable retention rate of grafted fat can hinder the application of this operation. 3, 4 Even using the most advanced technique, grafted fat will still be absorbed, particularly in large-volume fat transplantation. 5 There was a study proving that botulinum toxin A (BTX-A) improved the fat retention rate, and the author attributed this result to the immobilization effect of BTX-A. 6 However, the mode of action of BTX-A is complex, except the immobilization, so it is difficult to draw this conclusion. 7, 8 The influence of immobilization alone on the fat graft is not elucidated.
Some theories have proposed the outcome of transplanted fat, including the host replacement theory, the retention theory, and the "three zones" theory. [9] [10] [11] [12] All these theories emphasize the importance of vascular ingrowth and function of adipose-derived stem cells (ADSCs) in the retention of the fat graft. Prior to the growth of blood vessels, the fat graft survives via plasmatic imbibition. The fat can have a sufficient supply of nutrients only when new vessels are produced. 10 Some studies reported that a considerable portion of the surviving adipocytes arise from the differentiation of ADSCs. 10, 11 In addition, other studies suggested that ADSCs augment angiogenesis by incorporation into the newly formed vessels or by secreting angiogenic cytokines. [13] [14] [15] [16] [17] A clinical trial also demonstrated that fat grafts enriched with ADSCs expanded in vitro markedly improve residual graft volume. 18 Based on these previous studies, the vascular ingrowth and the function of ADSCs both play crucial roles in the retention of transplanted fat.
In the fat transplantation process, some fats are injected into the muscle, and the muscle movement generates a shear force between the transplant and the fundus. Our previous experiments and other studies both validated that the newly formed vessels of the transplanted fat grow from the recipient site. 19, 20 The shear force has been speculated to destroy the fragile newly formed vessels to influence the retention of the fat graft. This speculation was based on the experience from the skin graft operation. 21 The movement of the skin graft can damage the retention because of the shear force produced between the graft and the fundus, which destroys the newly formed blood vessels from the fundus. This process can influence the hemoperfusion of the graft. In addition, some researchers found that the mechanical force would inhibit the process of proliferation and differentiation of ADSCs into adipocytes. Lee et al reported that cyclic strain inhibited proliferation of ADSCs. 22 Hossain et al proposed that compressive force inhibited the adipogenesis of SGBS cells through suppressing the expression of PPARγ2 and C/EBPα in a COX-2-dependent manner. 23 Tanabe et al reported that mechanical stretching inhibited the adipogenesis of 3T3-L1 cells by reducing the expression of PPARγ2, which is mediated by the activation of the ERK/MAPK system. 24 Yang et al suggested that mechanical stretch inhibited adipogenesis and stimulated osteogenesis of ADSCs in the presence of adipogenic medium, and ERK1⁄2 activation may be involved in this transdifferentiation. 25 An animal experiment reported that the dynamic loading delivered to adipose tissues would suppress adipogenesis. 26 Based on these studies, the mechanical force will impede not only the vascular ingrowth but also the function of ADSCs, affecting fat graft retention. Based on whether immobilization is performed, the motor function of the muscle and the mechanical force that the muscle produces will change.
From the theories above, we speculated that immobilization may improve the retention rate of transplanted fat via enhancing the angiogenesis and function of ADSCs through reducing the mechanical force. However, this is just a speculation and has no experimental support. We designed this experiment to observe whether postoperative immobilization will improve the retention of the grafted fat and its effects to the vascular ingrowth and function of ADSCs. In our experiment, the immobilization of the muscles was carried out by denervation.
METHODS

Animals and Surgical Procedure
This experiment was conducted between October 2016 and June 2017. A total of 24 female SD rats weighing 270 g to 330 g were used (299.0 ± 14.5 g). The two hind limbs of each rat were randomly assigned to the experimental side and the control side by computer generated random numbers. The rats were anesthetized using 1% pentobarbital sodium. A moderate amount of fat was cut from the bilateral inguinal fat pads of the rat, and the blood was washed with normal saline. After drying the water with gauze, the fat was cut into granules as small as possible with scissors. The immobilization was carried out by cutting off the femoral nerve and sciatic nerve with microsurgical instruments. The bilateral femoral nerve was isolated after removing the bilateral inguinal fat pads. For the immobilization side, 1 cm of the nerve was cut, and the nerve stumps were sutured to the surrounding muscle. An incision was made on the bilateral buttocks that extended to the post of the hind limbs, separated between the vastus lateralis and the biceps femoris to expose the sciatic nerve. For the immobilization side, 1 cm of the nerve was cut off, and the nerve stumps were sutured to the surrounding muscle. The femoral nerve and sciatic nerve of the control side were both isolated but were not cut. A 1 mL syringe and 17 g needle were used to inject 0.1 mL of fat into each of the four sites (the bilateral quadriceps femoris and the bilateral subcutaneous space of the hind limb). Finally, incisions were sutured with a 5-0 silk thread. All of the animal procedures were approved by the Institutional Animal Care and Use Committee of the Fourth Military Medical University. The US Public Health Service Policy on Humane Care and Use of Laboratory Animals had been followed in all the procedures. 
Tarlov Scoring
The modified Tarlov scoring method was used to measure the hindlimb motor function prior to the operation and every week after the operation to validate that the denervation was effective. 27 The parameters consisted of eight grades as follows: 1 (total paraplegia of the hind limbs), 2 (no spontaneous movement but responds to hind limb pinch), 3 (spontaneous movement), 4 (able to support weight but unable to walk), 5 (walks with gross deficit), 6 (walks with mild deficit on a broad flat surface), 7 (able to walk on a broad flat surface and support weight on a 1.8 cm wide ledge), and 8 (walks on ledge).
Quadriceps Femoris Muscle Measurement
At each time point (1 week, 2 weeks, 4 weeks, and 12 weeks), the muscle bellies of the quadriceps femoris muscles of the 6 rats were cut off and weighed.
Sample Collection
After weighing the muscle, the fat was stripped from the muscle and subcutaneous space. The volume was measured via the liquid overflow method, and the weight was measured using an electronic scale.
Histologic Evaluation
Specimens were fixed in 10% formalin and embedded in paraffin, cut into 6-μm serial sections, and stained with hematoxylin and eosin. The specimens were observed under a light microscope (Nikon, Tokyo, Japan). At each time point, histologic parameters were evaluated using the methods referred by Yi et al. The parameters included the intact fat cells, the cysts and vacuoles, inflammation, the fibrosis, and other components of the connective tissue. The parameters consisted of six grades as follows: 0 (absence), 1 (minimal), 2 (minimal to moderate), 3 (moderate), 4 (moderate to extensive), and 5 (extensive).
Immunohistochemistry
Cells that show costaining of CD34 and proliferating cell nuclear antigen (PCNA) were considered proliferative ADSCs, and newly formed vessels were marked with RECA-1 (antiendothelial cell antibody). Specimens were fixed in 10% formalin and embedded in paraffin and cut into 6-μm serial sections. The following primary antibodies were used: rabbit anti-CD34, mouse anti-PCNA, and mouse antiendothelial cells (all from Abcam, Cambridge, MA). For visualization with diaminobenzidine, peroxidase-conjugated goat antimouse secondary antibody was used. To stain the nuclei, hematoxylin was used. For double fluorescence staining, Alexa Fluor 488-conjugated goat antirabbit and Alexa Fluor 568-conjugated donkey antimouse secondary antibodies (both from Invitrogen, Carlsbad, CA) were used. 4ʹ,6-Diamidino-2-phenylindole was used to stain the nuclei. The proliferative ADSCs were counted in random 10 fields of each slide (40×) under a confocal laser scanning microscope (Nikon, Tokyo, Japan), and the average number was obtained to calculate the density. Newly formed vessels were counted in random 10 fields of each slide (40×) under a light microscope (Nikon), and the average number was obtained to calculate the density.
Statistical Analysis
The measurement data including the retention volume of the fat and muscle weight were expressed as means and standard deviations and were compared using the paired t test.
A B Figure 1 . Fat injection. Fat was injected into the muscle (A) and into the subcutaneous space (B). After washing, the fat was cut into granules as small as possible, and 0.1 mL of fat was injected using a 1 mL syringe and 17 g needle.
The measurement data, including the histologic evaluation, the vessel density, and the density of proliferative ADSCs, were expressed as median (quartiles) and were compared using the Wilcoxon rank sum test. A value of P ＜ 0.05 was considered statistically significant.
RESULTS
Tarlov Scoring
All the rats had a score of 8 at both sides prior to the operation, which means that they had normal walking function. After the operation, the control sides were scored as 8 at all time points, and the immobilization sides were scored as 1 at all time points (which means total paraplegia of the hind limbs). From these results, a conclusion can be drawn that the resection of the femoral nerve and sciatic nerve induced total motor function loss of the hind limbs, and the motor function of the control side had not been damaged.
Quadriceps Femoris Muscle Measurement
The weights of the quadriceps femoris muscles were measured (Table 1) weight of the control side was 2.606 g. The results showed statistical difference between the two sides. The weights of the muscles of the immobilization side decreased significantly throughout the 12 weeks and were less than the control side at each time point. The disuse atrophy of the muscle showed that the denervation is effective.
The Volume and Weight of the Grafted Fat
The retention volume and weight of the fat of the two sides were both decreasing over time. For the muscle fat, the volume of the immobilization side at 4 weeks and 12 weeks were 0.028 mL and 0.022 mL, respectively; both were greater than the control side (0.024 mL and 0.016 mL, respectively) (P ＜ 0.05). However, no statistically significant differences were observed at 1 week and 2 weeks. No statistical significance was observed in the volume of fat under the skin at any time point between the immobilization side and the control side. The statistical results of the weight of fat were the same as the volume. Figure 1 and Figure 2 show the operation process, and Figure 3 shows the retention volume at each time point.
Histologic Evaluation
The histologic evaluation showed that all the parameters were of no statistical significance at each time point between the immobilization side and the control side. The 12-week result is shown in Figure 4 ( Tables 2, 3 ).
Immunohistochemistry
For the costaining of CD34 and PCNA, staining of the specimens on weeks 1 and 2 was performed, and statistical analysis was carried out. For the subcutaneous fat, the costaining cells between the immobilization side and control side showed no statistical difference at each time point. For the fat in the muscle, more costaining cells were found in the immobilization side of the specimens at 2 weeks, but not the specimens at 1 week ( Figure 5 ) (Tables 4, 5 ).
As to the staining of RECA-1, no statistical difference was observed in the vessel density of the subcutaneous fat between the immobilization side and the control side at any time point. For the fat in the muscle, the vessel density in the immobilization side (57.82 /mm 2 ) was higher than that in the control side (43.81 /mm 2 ) at 12 weeks (P = 0.042).
No statistical difference was found in the specimens at 1 week, 2 weeks, and 4 weeks ( Figure 6 ) ( Tables 6, 7) .
DISCUSSION
In this experiment, an animal model was used to investigate whether local immobilization influences the retention rate of transplanted fat. The femoral nerve and the sciatic nerve of the immobilization side were cut to cause the complete loss of motor function of the hind limb muscles, and the function of the control side was not damaged. This method was different from passive immobilization we usually used in clinical practice, but it is clear that they both restricted muscle movement. Then total 0.4 mlL of fat was on average injected into the bilateral quadriceps femoris and the bilateral subcutaneous space of the hind limb. At each time point, we sacrificed 6 rats to observe the retention rate of the grafted fat and performed hematoxylin and eosin staining and immunohistochemical staining. A 12-week study period was chosen based on previous studies showing that the transplanted fat will not be absorbed after 3 months. 5, 9 In our experiment, the retention rate of transplanted fat in the muscle was increased after the immobilization, and the density of the proliferative ADSCs and newly formed vessels were both increased. However, no statistical difference was observed in any of the outcome measures of the subcutaneous fat between the immobilization side and the control side. When fat was injected into the muscle, it was totally wrapped by the surrounding muscle, but when it was injected into the subcutaneous space, there was only one side contacting the muscle. The subcutaneous space of the rats is loose, so the fat may bear less mechanical force. The fat was more influenced by the muscle movement when it was injected into the muscles than into the subcutaneous space. The different results of the fat in the muscles and in the subcutaneous space showed that the mechanical force influences fat retention.
The results showed that the retention rate of the transplanted fat in the muscles was better after the immobilization. The histologic evaluation showed no statistical difference between the two sides. The immobilization could only improve the retention rate, but not the quality of the fat graft. What needs to be emphasized is that the intramuscular fat injection does have a relatively low retention rate, which has been proved by former research. 28 But the aim of our experiment was to investigate the effect of muscular immobilization on the fat graft, so this animal model was appropriate.
The proliferative ADSCs were observed. As mentioned earlier, literature is available proving that the mechanical force inhibits the proliferation or adipogenic differentiation of ADSCs. In animals, whether the fat is immobilized or not will certainly affect the muscle movement and the mechanical force of the fat injected into the muscles. Therefore, we speculated that the immobilization promotes the function of ADSCs through the reduction of the mechanical force. To prove this hypothesis, immunofluorescent staining of the CD34 and PCNA to label the proliferative ADSCs was performed. The results showed that for the fat in the muscle, the density of the positive cells was greater in the immobilization side at 2 weeks, and the difference was statistically significant. These suggested that immobilization may improve the function of ADSCs through the reduction of mechanical force. As mentioned, the function of the ADSCs is of great importance to the retention of the fat graft. ADSCs were observed to be more proliferated after immobilization, but the mechanism remains unclear. Therefore, more studies are necessary.
Greater vascular density was observed in the immobilization side of the fat in the muscle at 12 weeks. Although the difference was small, we could speculate that the immobilization improved the growth of the vessels. The reason is that the fat graft of the immobilization side had a greater volume, and the quality of the fat between the two sides was the same. These results showed that there were more vessels growing into the fat on the immobilization side. As mentioned earlier, vascular ingrowth plays an important role in fat retention, and some experiments proved that the new vessels grow from the recipient site. The reason why the fat retention rate was greater on the immobilization side may be partly due to the less shear force, so the fragile new vessels growing from the recipient site were less damaged. This speculation was made because of the experience we had from skin graft operations. The postoperative immobilization can make the graft and the fundus A B Figure 5 . Immunofluorescence staining at 2 weeks. Fat of the immobilization side in the muscles (A) and fat of the control side in the muscles (B). Sections were immunostained with CD34 antibody (ADSCs, green), PCNA antibody (proliferating nuclei, red), and DAPI (nuclei, blue). The costaining of CD34 and PCNA was considered proliferative ADSCs (white triangle), which were found more in the immobilization side. contact better to promote growth of new blood vessels in the graft through the reduction or absence of shear stress. However, no statistical difference was observed in the vascular density between the two sides at 1 week, 2 weeks, and 4 weeks. Another speculation has been made that the direct causal relationship between the immobilization and the vessel ingrowth is inconclusive. It is also possible that the immobilization causes the ADSCs to proliferate more to improve the fat retention rate, and then more cytokines were secreted by ADSCs to prompt angiogenesis. Since angiogenesis is a passive process, the difference is shown at a relatively late stage. Currently, several ways to improve the retention rate of transplanted fat are available, but most of these methods are about surgical procedures. Since the fat is continually absorbed within a certain period of time after transplantation, methods on how to reduce the absorption of fat after the operation are also important. We first observed that postoperative immobilization improves the retention rate of the fat graft in muscle, and this may be due to the improvement in angiogenesis and proliferation of ADSCs. This result has a practical value in clinical settings. Because of the "3Ms" technology, namely three multis (multitunnel, multilevel, and multipoint injection) technology, there is always some fat injected into muscle. For fat grafting to the face and to the breast, we could tell patients to reduce the facial expression and upper arm movement to reduce the movement of facial expression muscles and the pectoralis major at the early stage after operation. Actually, we commonly perform this method in clinical practice and a better retention rate is observed. The corresponding clinical trial is being carried out.
The experiment bears some limitations. We used the method of active immobilization by denervation. However, we usually perform passive immobilization in clinical practice. These two methods both lead to the loss of motor function of the muscle, but for the active immobilization, there is also neural factors that may be considered, which meant that the nerve transection will lead to the loss of the neural function and this factor may influence the survival of the fat graft. Human tissues are regulated by the nervous system, so is the fat graft. In addition, we observed this phenomenon for the first time, but the detailed mechanisms need to be fully elucidated. Therefore, future studies are necessary.
CONCLUSIONS
Regional immobilization of the recipient site by denervation can improve the retention of the fat graft in muscle. The reason may be that immobilization can improve the density of the new vessels and proliferative ADSCs.
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